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Wingless (Wg)/Wnt signaling directs a variety of cellular processes during animal development by promoting the association of Armadillo/β-
catenin with TCFs on Wg-regulated enhancers (WREs). Split ends (Spen), a nuclear protein containing RNA recognition motifs (RRMs) and a
SPOC domain, is required for optimal Wg signaling in several fly tissues. In this report, we demonstrate that Spenito (Nito), the only other fly
protein containing RRMs and a SPOC domain, acts together with Spen to positively regulate Wg signaling. The partial defect in Wg signaling
observed with spen RNAi was enhanced by simultaneous knockdown of nito while it was rescued by expression of nito in wing imaginal discs. In
cell culture, depletion of both factors causes a greater defect in the activation of several Wg targets than RNAi of either spen or nito alone. These
nuclear proteins are not required for Armadillo stabilization or the recruitment of TCF and Armadillo to a WRE. Loss of Wg target gene activation
in cells depleted for spen and nito was not dependent on the transcriptional repressor Yan or Suppressor of Hairless, two previously identified
targets of Spen. We propose that Spen and Nito act redundantly downstream of TCF/Armadillo to activate many Wg transcriptional targets.
© 2007 Elsevier Inc. All rights reserved.Keywords: Drosophila; Wingless; Wnt; Split ends; Spenito; SHARP; Mint; OTT; RBM-15Introduction
The Drosophila gene wingless (wg) encodes a member of
the Wnt family of secreted and palmitoylated glycoproteins that
are conserved throughout the animal kingdom (Cadigan and
Nusse, 1997; Clevers, 2006; Mikels and Nusse, 2006). Wg
influences cell behavior through stabilization and nuclear trans-
location of Armadillo (Arm), known as β-catenin in vertebrates
(Kikuchi et al., 2006). This Wnt/β-catenin pathway controls
numerous cell fate decisions in development and adult tissues
(Logan and Nusse, 2004). Misregulation of this signaling
cascade leads to a variety of diseases including several forms of
human cancer (Logan and Nusse, 2004; Clevers, 2006; Johnson
and Rajamannan, 2006).
In the absence of Wg/Wnt stimulation, cytosolic Arm/β-
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kinase I and glycogen synthase kinase-3 (GSK-3). Phosphory-
lated Arm/β-catenin is then ubiquitinated and degraded by the
proteosome (Kikuchi et al., 2006). Wg/Wnt signaling inhibits
this process (Cadigan and Liu, 2006), leading to the accumula-
tion and nuclear translocation of Arm/β-catenin. Once in the
nucleus, Arm/β-catenin associates with members of the TCF/
Lef1 (TCF) family of DNA-binding proteins. Arm/β-catenin
converts TCFs from transcriptional repressors to activators in
part by displacing the transcriptional corepressor Groucho (Gro;
Städeli et al., 2006; Parker et al., 2007).
Several positive regulators of TCF/Arm/β-catenin-mediated
transcription have been identified (Willert and Jones, 2006;
Städeli et al., 2006; Parker et al., 2007). One of the potential
positive factors is Split ends (Spen), a nuclear protein that is
required for Wg signaling (Lin et al., 2003). The spen gene
encodes several large isoforms (N5500 amino acids) that
contain three RNA recognition motifs (RRMs) in their N-
terminal portions and a Spen paralog and ortholog C-terminal
(SPOC) domain at their C-termini (Wiellette et al., 1999; Rebay
et al., 2000; Kuang et al., 2000). spen is required for optimal
Wg signaling in several imaginal discs in fly larvae, but Wg
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zygotic spen activity (Lin et al., 2003). Spen appears to be a
tissue-specific positive regulator of the Wg pathway.
SHARP, the human ortholog of Spen, was recently shown to
be required for Wnt/β-catenin signaling in several human cell
lines (Feng et al., 2007). SHARP could potentiate the ability of
Lef1 (a vertebrate TCF) to activate reporter genes independently
of β-catenin (Feng et al., 2007). This suggests that SHARP
promotes Lef1 DNA binding or acts through a transcription
activation mechanism that does not require β-catenin.
In addition to Wg signaling, Spen has been implicated in
several other processes in flies. In the developing eye, spen is
required to inhibit Notch signaling and promote epidermal
growth factor (EGFR)/Ras/MAP kinase (MAPK) signaling
(Doroquez et al., 2007). In addition, loss of spen results in
increased levels of the ETS-domain transcriptional repressor
Yan (Doroquez et al., 2007), an antagonist of EGFR signaling
(Rebay and Rubin, 1995). spen is also required for Hox-
mediated repression of head identity in the embryonic trunk
(Wiellette et al., 1999), specification, survival and axonal
guidance of specific neurons (Chen and Rebay, 2000; Kuang et
al., 2000), cell cycle regulation (Lane et al., 2000), and
epidermal wound repair (Mace et al., 2005). The molecular
mechanisms underlying the pleiotropic phenotype of spen
mutants have not been elucidated.
In mammals, SHARP (known as Mint in the mouse) has
been shown to act as a corepressor for nuclear hormone
receptors (Shi et al., 2001) and RBP-Jκ, a DNA-binding protein
critical for Notch signaling (Oswald et al., 2002, 2005; Kuroda
et al., 2003; Tsuji et al., 2007; Yabe et al., 2007). The SPOC
domain appears to be essential for the ability of Spen proteins to
repress transcription and can physically interact with various
proteins including the universal corepressor SMRT/NCoR,
histone deacetylases, the CtIP/CtBP corepressors and the E2
ubiquitin-conjugating enzyme UbcH8 (Shi et al., 2001;
Ariyoshi and Schwabe, 2003; Oswald et al., 2005; Li et al.,
2006). In contrast to these repression roles, Mint has been
shown to act with Runx2 to activate osteocalcin (OC) trans-
cription, possibly through specific DNA binding to a G/T-rich
element in the OC control region mediated by its RRMs
(Newberry et al., 1999; Sierra et al., 2004).
The Spen family is defined by the presence of N-terminal
RRMs and a C-terminal SPOC domain (Wiellette et al., 1999;
Kuang et al., 2000). In addition to Spen and its homologs, there
are several smaller (b1000 aa) family members that include
Spenito (Nito) in flies (Rebay et al., 2000), as well as one-
twenty-two/RNA-binding motif protein 15 (OTT1/RBM-15) in
mammals. OTT1/RBM-15 (referred to as OTT1 hereafter) was
originally identified as a fusion protein at a recurring
chromosomal translocation in megakaryocytic acute leukemia
(Ma et al., 2001; Mercher et al., 2001).
Although they share similar domains, several reports
indicate that the smaller Spens are functionally distinct from
their larger relatives. Like, SHARP/Mint, OTT1 can bind to
RBP-Jκ and repress Notch signaling, but in some cell types, it
activates the pathway (Ma et al., 2007). Even more dramatic
differences were noted in the fly, where nito was shown to actantagonistically with spen in the developing eye (Jemc and
Rebay, 2006).
In this report, we demonstrate that Nito is a physiological
regulator of Wg signaling. In contrast to other processes where
they act antagonistically, Spen and Nito act redundantly to
promote Wg signaling in flies and cultured cells. Simultaneous
depletion of both genes results in a more severe loss of Wg
activation of target genes than either gene alone and expression
of nito can rescue the defect in cells with reduced spen.
Consistent with their nuclear localization, Spen and Nito act
downstream of Arm stabilization/nuclear translocation but
WRE recruitment of TCF and Arm are unaffected in spen,
nito depleted cells. Spen and Nito do not appear to act on Wg
targets through regulation of the transcriptional repressor Yan or
suppressor of Hairless (Su(H)), the fly homolog of RBP-Jκ.
However, loss of the Wg target naked cuticle (nkd) in spen and
nito RNAi-treated cells was reversed by depletion of groucho
(gro). This interaction between gro and spen–nito was not seen
at another Wg target, and some targets of the pathway are
independent of spen and nito. Thus, these factors act
redundantly downstream of TCF-Arm complex formation to
regulate Wg targets in a gene-specific manner.
Materials and methods
Fly strains
The P[da-Gal4], P[arm-Gal4], P[GMR-Gal4], P[UAS-wg], P[GMR-Arm*],
and P[UAS-EGFRDN] stocks are previously described (Lin et al., 2003). The
P[GMR-hid10], P[GMR-rpr2] stocks and P[ptc-Gal4], P[dpp-lacZ] and P[UAS-
lacZ] strains are previously described (Guan et al., 2007; Li et al., 2007). P[UAS-
yan] (Rebay and Rubin, 1995) was obtained from the Bloomington Stock Center.
P[UAS-spenRNAi] and P[UAS-nitoRNAi] (UAS-nitoRNAi-2) strains were
constructed as follows. spen was amplified by PCR with primers 5′
CATGTCTAGACTTACCAGGCCATCAACT CATC3′ and 5′CATGTCTA-
GAGAATAACCTGCGAGGCGTTTCC3′ and nito with 5′CATGTCTAGAC-
AATGTCCCCACCGGACTATGA3′ and 5′CATGTCTAGACTCCGTATT
TGCCAAAGATG CGA3′ (XbaI sites used for cloning are underlined). The
regions targeted in each gene are indicated in Fig. 1A. The amplified PCR
products were cut with XbaI and ligated into the AvrII and NheI ends of the
pWIZ vector in opposite directions (Lee and Carthew, 2003). The P[UAS-nito]
strains were generated by amplifying the nito ORF from cDNA RE36227
(obtained from Drosophila Genomics Resource Center at Indiana University)
with primers 5′CAGGAATTCATGAGTAGTCATCGAGACGGAG CCGGA3′
(EcoRI site is underlined) and 5′TGTGGTACCTCAGGCCGTTCC-GCC-
GCGCACCACC-A3′ (KpnI site is underlined) and was ligated into the EcoRI
and KpnI sites in pUAST (Brand and Perrimon, 1993). Transgenic flies were
generated following the standard P element methodology using w1118 embryos.
An additional P[UAS-nitoRNAi] line (UAS-nitoRNAi-1) targeting a non-overlapping
region of nito transcripts than UAS-nitoRNAi-2 (see Fig. 1A) was obtained from
Ilaria Rebay (Jemc and Rebay, 2006).
Whole-mount staining and microscopy
In situ hybridization and immunostaining were performed as previously
described (Lin et al., 2004). The probe against nito was generated using a PCR
product from genomic DNA with the following oligos: 5′GGTGG-
CTATTCTCCGTATCCACCTA3′ and 5′GTAATACGACTCACTATAGGGC-
GACCACAATCACCAGGTGATCCTCCTT3′. Guinea pig anti-Sens antibody
(1:1000) was described previously (Fang et al., 2006). Mouse monoclonal Wg
antibody (4D4; 1:100) was from the Developmental Studies Hybridoma Bank
(University of Iowa). Cy3-conjugated antibodies and Alexa Flour 488-
conjugated antibodies were purchased from Jackson Immunochemicals (West
Fig. 1. Nito is a ubiquitously expressed nuclear protein related to Spen. (A) Cartoon comparing Spen, Nito and their human orthologs, SHARP and OTT1/RBM-15.
Number represents the percent of identity (similarity) between the different Spen family members. The asterisks denote that the identity/similarity of those regions are
for the RRM domains only. Sequences outside the RRMs and SPOC domains showed no detectable similarities. Magenta lines indicate the regions targeted for RNAi
in flies and the dashed lines the dsRNAs used in Kc cells. The multiple dsRNAs used for nito are numbered. (B) Western blot analysis showing a predominant nuclear
localization of Nito in fly Kc cell extracts. The distribution of acetylated histone 4 (AcH4) and tubulin are used to mark nuclear and cytoplasmic fractions, respectively.
T: total lysate, C: cytoplasmic fraction, N: nuclear fraction. (C) Expression of nito was detected ubiquitously in wing imaginal discs, judged by in situ hybridization
with nito-specific probes. Discs expressing a RNA hairpin targeting nito (nitoRNAi-2) showed a strong reduction of nito in the anterior/posterior border of wing
imaginal discs where the ptc-Gal4 driver is active (marked by arrows).
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confocal fluorescent pictures with Z-stack projection were obtained with a Zeiss
Axiophot coupled to a Zeiss LSM510 confocal apparatus. Micrographs of in situ
hybridizations were taken with a Nikon Eclipse 800 and adult fly heads with a
Leica MZ APO light microscope. All images were processed as Adobe
Photoshop files.
Cell culture and RNAi
Drosophila Kc167 (Kc) cells were cultured as previously described (Fang et
al., 2006; Li et al., 2007). A S2 cell line that is expressingWg under the control of
a constitutive tubulin promoter was obtained from R. Nusse and control and
Wg-conditioned media (WCM) were prepared as described (www.stanford.edu/
~rnusse). RNA interference (RNAi) was performed as previously described
(Fang et al., 2006; Li et al., 2007) with the modifications outlined below. All
primers used for PCR amplification contained a T7RNApolymerase binding site
(5′GTAATACGACTCACTATAGGGCGA3′) at their 5′ ends. Gene-specific
sequences of the primers were as follows: spen, 5′CTCTAGATGCAAAA-
TCCACTTGAAGC3′ and 5′TGGTCTATTTCATGAGTACAAAAAGCA3′
(targeting a region in the 3rd exon); nitoRNAi-3, 5′CGACGCATACAGAATTTG-
CAAAG3′ and 5′CTTGTACACCGGCTCCACAATG3′ (targeting a region in
the 1st to 2nd exons); nitoRNAi-4, 5′TATGAACGTTACCACTACTCGAGGT
C3′ and 5′CCCTTCTGGTATTCAATCTT-CTTGA3′ (targeting a region in
the 3rd exon); nitoRNAi-5, 5′GCGACGCCCGCCAGGAGAATCGTA3′ and
5′TTTGTCCTCCCATCCCCACCGTCGCC A3′ (targeting the C-terminal
region of Nito); Axin, 5′ATGGCCTTCCATGAACACAG3′ and 5′AGTCT-
TCGTTTCGCCTCCTC3′; Su(H) 5′TTTAATTTAAACGCCGCCGC3′ and 5′
AGGT AACGGGTGGAGACAGTCTGGGA3′; yan, 5′GCA GTGGCAC-
CTGCCTAATAGTCCAGT3 ′ and 5 ′GCTGTTGCGTCCAATTCGGCTTAAT3′. The primers used for generating dsRNAs of TCF, arm, gro and
control were as described (Fang et al., 2006). PCR products of each gene were
used as templates for the in vitro transcription of RNAi with Megascript kit
(Ambion, Austin, TX).
When Axin RNAi was used to activate Wg signaling, 5 μg of dsRNAis of
spen, nito, TCF and arm and 10 μg of Axin RNAi were applied per 1×106 cells
and the total amount of dsRNAwas normalized by control dsRNA to 20 μg per
sample (as in Figs. 4A and B, Fig. 5, Table 1). For quadraple RNAi treatment (as
in Fig. 6), total dsRNA was normalized to 25 ug per sample. The dsRNA was
added to serum-containing media and cultured for 4 days. On day 4, cells were
diluted 1:4 and then cultured 2 additional days before harvesting for further
analysis. For experiments using WCM (Fig. 5C), 10 μg of total dsRNA/1×106
cells was used and cells were cultured as described above. On day 6 the cells
were treated with WCM or control media for 5 h before processing.
Nito antibody production and Western blotting
Full-length Nito was fused to glustathione-S-transferase (GST) and
expressed in BL21-CodonPlus(DE3)-RP cells (Stratagene, La Jolla, CA) using
the pET42a expression vector (Novagen, Darmstadt, Germany). The fusion
protein was purified using glutathione sepharose 4 Fast Flow (GE Healthcare,
Piscataway, NJ) and injected in rabbits (Cocalico, Reamstown, PA). α-Nito
antibody was purified with an affinity column made by immobilized GST-Nito
with an AminoLink Plus Immobilization kit (Pierce, Rockford, IL). The fractions
eluted from the affinity column were combined and concentrated using a
Centricon-Plus 20 centrifugal filtration device (Millipore, Billerica, MA).
Western blot analysis was performed with the ECL-plus Western Blotting
Detection kit as described by the manufacturer (GE Healthcare, Piscataway, NJ).
α-Nito antibody was used at 1:2000. Polyclonal anti-TCF antibody (1:2000) was
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antibody (N27A1, 1:1000) was from the Developmental Studies Hybridoma
Bank at the University of Iowa. The mouse monoclonal antibody against β-
tubulin (1:10,000) and the rabbit antibody against acetylated histone 4 (at K8)
were purchased from Sigma (St. Louis, MO) and Millipore (Billerica, MA),
respectively.
Quantitative RT-PCR (qRT-PCR)
qRT-PCR was performed as described previously (Fang et al., 2006). The
primers used to amplify nkd, CG6234, and β-tubulin56D can be found in Fang
et al. (2006). Other primers sequences are: homothorax (hth), 5′GCCTAAC-
GATACTGCAAGTGA3′ and 5′GGACCT GGATGCG GTGTATAG3′;
crumbs , 5 ′ACCCTATTGCGGAGCCTACT3 ′ and 5 ′TAATCG
GTGCTGTGTG CAATTC3′; Frizzled 3 (Fz3), 5′TCACACCAATCAGCTG-
GAGG3′ and 5′GAGACGAGCAGAGCAAA AAGC3′; arm, 5′GATGAGT-
TACATGCCAGCCCA3′ and 5′GATACCATCGGCGGCAGAT3′; TCF, 5′
CGTTTCGGACTAGATCAACAGAG3′ and 5′CATCTTCGTCGTCATCACT-
TAGC3′; mkp3, 5′ATGAACATGAATGCCCGTAG3′ and 5′CGTAG-
CTGACCTGACT3′. All data were normalized to the transcript levels of
β-tubulin56D.
Chromatin Immunoprecipitation (ChIP) analysis
ChIP was performed as described (Fang et al., 2006). 15 μl of TCF or Arm
antisera was used per 5×106 cells for one ChIP experiments. Antibodies were
precipitated by immunoglobulin(Ig)A-coupled agarose beads purchased from
Upstate. Immunoprecipitates were analyzed using Q-PCR using primer sets
directed to the intronic WRE or ORF of nkd (sites #N4 or #N0, respectively
from Fang et al., 2006). The data are presented as a percentage of input DNA.Results
Nito is an ubiquitously expressed nuclear protein
In our previous study, a dominant negative form of spen
(spenDN) caused a more severe defect in Wg signaling than
strong (possibly null) spen mutants (Lin et al., 2003). One
explanation for this observation is the existence of a gene that
acts redundantly with spen. The protein known as Nito (Rebay
et al., 2000) or Spen-like protein (SSLP or DmSSp; Ariyoshi
and Schwabe, 2003; Kuang et al., 2000; Wiellette et al., 1999)
is an obvious candidate, as it is the only other predicted
protein in Drosophila that has both RRMs and a SPOC
domain (Fig. 1A).
Spen is predominantly found in the nucleus and is expressed
ubiquitously in fly embryonic and larval tissues (Kuang et al.,
2000; Lin et al., 2003; Wiellette et al., 1999). Similarly, Nito is
highly enriched in the nucleus of Kc cells (Fig. 1B) and is
expressed throughout the wing imaginal disc (Fig. 1C).
Consistent with another report (Jemc and Rebay, 2006), we
also find ubiquitous expression in the eye imaginal disc (data
not shown). Thus Nito is broadly expressed and present in the
right subcellular location to act redundantly with Spen.
nito and spen act redundantly in the eye
To address whether nito is functionally related to spen in
flies, we generated UAS-RNAi transgenes expressing RNA
hairpins targeting either spen or nito mRNAs. As will be
described below (Figs. 2 and 3), UAS-spenRNAi gives pheno-types in the eye and wing imaginal discs consistent with those
obtained with spen mutant alleles or spenDN (Lin et al., 2003).
The ability of UAS-nitoRNAi to downregulate nito expression
was tested by expression of the hairpin in wing imaginal discs,
where it causes an inhibition of nito transcript levels as judged
by in situ hybridization (Fig. 1C). These reagents allow the
depletion of either gene alone or in combination in several
contexts where Wg signaling regulates development.
When Wg is ectopically expressed throughout the develop-
ing eye (via a GMR promoter), a dramatic reduction in adult eye
size is observed (Parker et al., 2002; Fig. 2A). A similar
phenotype is seen upon expression of a constitutively active
form of Arm (Arm*), which cannot be degraded (Freeman and
Bienz, 2001; Fig. 2F). Consistent with having a positive role in
the pathway, spen RNAi causes a suppression of these small eye
phenotypes (Figs. 2B, G). Reduction of nito also causes an
increase in GMR-wg or GMR-arm* eyes (Figs. 2C, H).
Simultaneous reduction of spen and nito produces a much
greater suppression than either single RNAi (Figs. 2D, I). These
data were quantified by measuring the width at the equator of 20
eyes from each phenotype, demonstrating that the increase in
eye size is reproducible and significant (Figs. 2E, J). These
results are consistent with Spen and Nito acting redundantly and
the suppression of GMR-arm* suggests that they are required
downstream of Arm stabilization.
The effect of expressing spen and nito RNA hairpins through
the GMR promoter is not specific for Wg/Arm signaling.
Reduction of spen and nito suppresses the phenotype caused by
the pro-apoptotic factors Head involuted defective (Hid; Figs.
2K–O) andReaper (data not shown). Aswas the case forWg and
Arm*, knockdown of both spen and nito produces the greatest
effect (Figs. 2N, O; data not shown). Reducing Wg/Arm
signaling does not suppress GMR/hid or GMR/rpr (Parker et al.,
2002). This raises the possibility that Spen and Nito are
suppressing these phenotypes because it is required for the
activity of theGMR promoter. To address this, the ability of spen
and nito RNAi to affect GMR-Gal4-driven GFP in the
developing eye was examined. Reduction of spen and nito had
no detectable effect on GFP expression (Hid; Figs. 2P–S). This
suggests that the suppression of Wg, Arm*, Hid and Reaper
misexpression was not through theGMR promoter. These results
also indicate that Spen and Nito are required for other processes
besides Wg signaling, such as Hid or Reaper-induced apoptosis.
spen and nito are redundantly required for Wg signaling in the
wing imaginal discs
To test the physiological role of spen and nito in Wg signaling
in another tissue, we turned to the wing imaginal disc, where Wg
is expressed at the dorsal/vental (D/V) margin of the wing pouch
(Fig. 3A). Wg signaling activates expression of the zinc-finger
protein Senseless (Sens) on either side of the D/V boundary
(Parker et al., 2002; Fig. 3D). This activation is compromised in
spenmutant clones or discs expressing spenDN (Lin et al., 2003),
making Sens a good readout to study Spen and Nito function.
If nito has a redundant role with spen in Wg-induced
activation of Sens, then knockdown of nito should enhance
Fig. 2. Spen and Nito function cooperatively to promote the small eye phenotypes caused by ectopic activation of Wg/Arm signaling or the pro-apoptotic factor Hid.
Micrographs of adult fly eyes all containing P[GMR-Gal4] and the following transgenes: P[UAS-wg] (A–D); P[GMR-arm*] (F–I); P[GMR-hid] (K–N); P[UAS-GFP]
(P–S). In addition, P[UAS-lacZ] (A, F, K, P), P[UAS-spenRNAi] (B, G, L, Q), P[UAS-nitoRNAi-2] (C, H, M, R) or P[UAS-spenRNAi]/P[UAS-nitoRNAi-2] (D, I, N, S) were
present. GMR-driven overexpression of wg, arm*or hid severely reduced eye size and these phenotypes are suppressed by RNAi depletion of spen or nito, with the
greatest suppression observed when both genes were inhibited. These results were quantified by measuring the width of the eye equator (the widest point) in twenty
micrographs for each condition, normalizing the lacZ control to 1. Asterisks indicate the significance (Pb0.01) of the difference between the lacZ control and the
single knockdowns. †Denotes the significance (Pb0.01) for the difference between nito RNAi alone and the spen, nito double depletion. Knockdown of spen and nito
did not cause a detectable reduction in GFP expression from the GMR-Gal4 driver (P–S).
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and/or nito RNA hairpins, patched (ptc)-Gal4was used, which is
active in a stripe on the anterior side of the anterior/posterior
border of the wing imaginal disc (Johnson et al., 1995). To control
for off-target effects with nito RNAi, two different UAS-nitoRNAi
constructs were examined (nitoRNAi-1 and nitoRNAi-2) which tar-
get distinct portions of the nitomRNA (Fig. 1A andMaterials and
Methods). In addition, the cold sensitivity of Gal4 (Phelps and
Brand, 1998) was used to modulate the strength of expression.
When these RNAi experiments were performed at 22 °C
(where Gal4 has intermediate activity), 62% of the ptc/spenRNAiwing discs had a reduction (47%) or complete loss (15%) of
Sens expression in the ptc domain (Figs. 3G, H). Knockdown of
nito alone had no effect on Sens expression (Figs. 3G, H). This
was true even at 25 °C or 29 °C where Gal4 is more active (data
not shown). However, simultaneous depletion of spen and nito
caused a significant decrease in Sens expression in almost every
(95%) disc (Figs. 3G, H). In addition, the frequency of complete
loss of Sens is higher (47%) than with spen RNAi. Similar
results were obtained with both nito RNA hairpins. In addition,
none of these manipulations had a detectable reduction on Wg
expression; rather a slight increase in Wg protein was often
Fig. 3. spen and nito act redundantly in Wg signaling in the developing wing. (A–F) Confocal images of wing discs from third instar larvae, containing P[ptc-Gal4]
and P[UAS-lacZ] (A, D) P[UAS-spenRNAi], P[UAS-nitoRNAi-1] (B, E) or P[UAS-spenRNAi], P[UAS-nitoRNAi-2]. Wing discs were immunostained for Wg (A–C) or Sens
(D–F). Sens expression was significantly reduced where spen and nito dsRNAs are expressed (white arrows), while Wg expression was often slightly expanded (white
arrowheads). (G, H) Graphs summarizing the effects of ptc-Gal4 expression of spen, nito or spen and nito dsRNA on Sens expression at 22 °C. P[UAS-nitoRNAi-1] (G)
or P[UAS-nitoRNAi-2] (H) were used. The number of discs assayed is shown on top of each bar. Wild-type (not shown), intermediate (gray bars) and strong loss of Wg
signaling phenotypes (black bars; similar to the disc shown in panels E and F) are indicated. The strongest phenotypes were consistently observed with the double
RNAi knockdown. (I) Graph summarizing the Sens expression phenotype of wing discs containing ptc-Gal4 and UAS-spenRNAi, UAS-nito or UAS-spenRNAi and UAS-
nito. All cultures were reared at 25 °C and the data are presented as in panels G and H. Almost all discs (96%) had a reduction or complete absence of Sens with spen
RNAi, which was significantly reduced by co-expression of nito. On its own, nito overexpression had almost no effect on Sens expression.
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spen and nito are required for Wg activation of Sens expression
in the developing wing.
To test whether the increased severity of the spen, nito
double knockdowns was due to functional redundancy, the
ability of exogenously expressed nito to rescue the spen RNAi
phenotype was tested. At 25 °C, ptc/spenRNAi wing discs had astronger defect in Sens expression than observed at 22 °C
(compare Fig. 3I with Figs. 3G, H). Expression of nito had no
significant effect on Sens expression on its own but was able to
dramatically reduce the effect of spen knockdown (Fig. 3I).
These results support the view that Nito performs the same
biochemical function as Spen in promoting Wg signaling in the
wing imaginal disc.
Table 1
spen and nito are required for the maximal activation of Wg targets in Kc cells
Gene group Gene name Fold activation (±SD)
RNAi
Axin Axin, spen, nito
Wg-targets nkd 53.9 (±11.9) 23.2 (±4.4)
CG6234 4.7 (±0.05) 0.3 (±0.04)
fz3 21.8 (±3.1) 6.2 (±0.4)
crumbs 26.4 (±3.0) 8.7 (±1.7)
hth 22 (±1.1) 18.1 (±1.1)
Non Wg-targets mkp3 1.1 (±0.07) 1.6 (±0.3)
TCF 1.1 (±0.2) 1.8 (±0.4)
Arm 1.0 (±0.06) 1.1 (±0.2)
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To extend our studies of the role of Spen and Nito in the Wg
pathway, their relationship in Kc cells was explored. These
Drosophila cells respond to Wg conditioned media (WCM) by
stabilizing Arm and inducing transcript levels of target genes
(Fang et al., 2006). Two of these transcriptional targets, nkd and
CG6234, have been shown to be directly activated by TCF/Arm
(Fang et al., 2006; Li et al., 2007). In this report, the Wg
pathway is activated either by Axin RNAi (e.g., Figs. 4A, B), a
component of the Arm destruction complex (Kikuchi et al.,
2006) or stimulation with WCM (Figs. 4C, D).Fig. 4. spen and nito act redundantly to activate the expression of Wg target
genes in Kc cells. (A, B) Kc cells were treated with control dsRNA or duplexes
corresponding to Axin, spen and/or nito for 6 days. The total amount of total
RNAi treated was normalized by control RNAi. Transcript levels of nkd and
CG6234 were measured by qRT-PCR, which was normalized to the expression
of β-tubulin56D. As shown in panel A, nkd induction by depletion of Axin was
severely impaired by spen, nito RNAi, while individual RNAi treatments
showed a smaller loss of activation. Similar results were obtained with
expression of CG6234 (B). (C) Wg signaling was activated by the addition of
conditioned media containing active Wg protein (WCM). After 6 days of
treatment with control or spen, nito dsRNAs, WCM or control media (CM) was
added to the cells for 5 h before processing for qRT-PCR. The inductions of nkd
and CG6234 by WCM treatment were severely reduced by spen, nito RNAi. All
data in the graphs are the means of triplicate samples with standard deviations
indicated by the lines. Similar results were observed in several separate
experiments.
Kc cells were treated with dsRNA and transcript levels measured as described in
Fig. 5 are expressed as fold activation over control RNAi. Four targets (nkd,
CG6234, fz3, and crumbs) showed severe reduction in their activation by Wg
signaling when spen/nito (nitoRNAi-4) are depleted (ranging from 57% to 94%
reduced activities compared to Axin RNAi only condition). In contrast, hth
activation appears to be largely independent of spen and nito. Three genes that
are not regulated byWg signaling show no change in expression upon spen, nito
RNAi treatment.Activation of nkd and CG6234 expression by Axin knock-
down requires spen and nito. The greatest block in activation
occurred when both spen and nito were inhibited by RNAi
(Figs. 4A, B). spen and nito were also required for the
activation of nkd and CG6234 by WCM (Figs. 4C, D). The
dsRNAs for spen and nito efficiently knocked down the
corresponding gene but displayed no cross-reactivity for the
other, e.g., nito RNAi had no effect on spen expression
(Supplemental Fig. 1). dsRNAs corresponding to three distinct
regions of nito were able to inhibit WCM activation of nkd
and CG6234 (Supplemental Fig. 2). Axin transcripts were
equally depleted with Axin RNAi alone and Axin, spen, nito
RNAi (data not shown), and Arm levels were equally high in
both treatments (Fig. 5A). This indicates that the use of
multiple dsRNAs did not dilute the efficiency of Axin knock-
down. Activation of CG6234 by Axin RNAi or WCM was
more sensitive to spen, nito RNAi than activation of nkd
(Fig. 4 and Table 1).
To extend these studies to other Wg targets, three other
Wg-responsive genes identified in a microarray screen
(T. Blauwkamp and K. Cadigan, unpublished) were also tested
for a spen, nito requirement. Two of the three (fz3 and crumbs)
have a greatly reduced activation by Axin RNAi in spen, nito
depleted cells, while a third (hth), is largely independent of
these factors (Table 1). Three genes not regulated by Wg
signaling, mkp3, TCF and arm are not significantly affected by
spen, nito knockdown (Table 1). These results suggest that Spen
and Nito are needed for many, but not all, Wg targets to respond
to pathway activation.
Spen and Nito act downstream of the TCF/Arm complex on
target gene chromatin
Where in the Wg pathway do Spen and Nito act? One
possibility is at the level of Arm stabilization or nuclear trans-
location. Axin RNAi causes a dramatic increase in both
Fig. 5. Arm and TCF are still recruited to a Wg target gene in spen, nito-depleted
cells. (A) Western analysis of the cytoplasmic (marked by C) and nuclear (N)
fractions for Nito, TCF and Arm protein from cells where Axin, spen–nito
(nitoRNAi-4) or all three genes were knocked down. Axin RNAi caused an
increase of Arm protein in both fractions, but had no effect on TCF or Nito levels
or nuclear localization. Depletion of spen and nito (with or without Axin RNAi)
had no obvious change in the Arm or TCF profile. (B, C) TCF and Arm binding
to the ORF and intronic WRE in the nkd locus were monitored. The amount of
DNA pulled down by α-TCF or α-Arm was monitored by qPCR and the data are
expressed as the percent of input DNA. (B) Enriched binding of TCF to the
WRE was observed in the controls or cells where Wg signaling was activated by
Axin RNAi. (C) A dramatic increase in Arm binding to the WRE was observed
upon Axin RNAi. Binding of TCF or Arm to the WRE was not affected by spen,
nito RNAi. The bars represent the mean of triplicate ChIP samples, with
standard deviations indicated by the lines. Similar results were observed in
several separate experiments.
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increases also occur when Axin, spen and nito are depleted
(Fig. 5A). The levels and subcellular location of TCF, which
is predominately nuclear in Kc cells, are not affected by the
depletion of Axin, spen and nito or all three genes simulta-
neously (Fig. 5A). These data argue that Spen and Nito are not
required for Wg pathway-dependent nuclear accumulation of
Arm or the nuclear localization of TCF. In addition, Nito is
found almost exclusively in the nucleus in control or Axin
RNAi-treated cells (Fig. 5A), consistent with a nuclear function
for the protein.
TCF is thought to bind to specific DNA sequences in the
WREs of Wg targets, where it recruits Arm in response to
pathway activation (Städeli et al., 2006; Parker et al., 2007). We
have previously identified a WRE in the first intron of the nkdgene that contains functionally important TCF sites (Li et al.,
2007). In addition, chromatin immunoprecipitation (ChIP)
demonstrated that this region of the nkd gene is bound by
TCF in the absence or presence of WCM treatment (Fang et al.,
2006; Li et al., 2007). Arm is also bound to the same region
upon WCM stimulation (Li et al., 2007). As previously found,
TCF is preferentially bound to the area containing the intronic
WRE compared with the nkd ORF (Fig. 5B). TCF binding is
slightly increased in Axin-depleted cells, and additional knock-
down of spen and nito had no effect on TCF binding (Fig. 5B).
In contrast to TCF, Arm is only preferentially bound to the nkd
WRE upon Axin RNAi (Fig. 5C). This 10- to 20-fold increase in
Arm binding to the WRE was still observed in spen, nito-
depleted cells (Fig. 5C).
The data described above suggest that Spen and Nito are
required downstream of TCF-Arm complex formation on
WREs. To test whether Nito was directly associated with the
nkd WRE, ChIP was performed with α-Nito antisera. No
preferential binding of Nito to the nkd intronic WRE was
observed (data not shown). However, the lack of binding may
be due to the quality of the antibody as we do not have a positive
control. We were also unsuccessful in demonstrating an asso-
ciation between Nito and Arm or TCF using co-immunopre-
cipitation (data not shown). While there are technical caveats
with these negative results, they raise the possibility that Nito
does not act directly in the transcriptional activation of Wg
targets.
The Spen–Nito requirement for Wg signaling does not require
Yan or Su(H), but may involve Gro
While Spen has been implicated in many processes in flies
(Chen and Rebay, 2000; Kuang et al., 2000; Lane et al., 2000;
Mace et al., 2005; Wiellette et al., 1999), the most mechanistic
description to date is in the developing eye, where Spen
antagonizes Notch signaling and promotes EGFR signaling
(Doroquez et al., 2007). This report also found that loss of spen
resulted in increased levels of the Ets-domain transcriptional
repressor Yan. This raises the possibility that an increase in Yan
expression accounts for the loss of Wg signaling in cells
depleted of spen and nito. However, reduction of yan by RNAi
did not reverse the loss in activation of the Wg targets nkd and
CG6234 in Axin-, spen-, and nito-depleted Kc cells (Figs. 6A,
B). yan transcript levels were reduced more than 10-fold by
RNAi in these experiments (data not shown). In addition,
expression of Yan had no effect on Sens expression in wing
discs (Fig. 6D; data not shown). Therefore, it does not appear
that the levels of Yan influence Wg signaling, indicating that
Spen repression of Yan cannot account for the positive role of
Spen and Nito in the pathway.
In mammalian cell culture, the Spen homolog MINT binds to
RBP-Jκ and suppresses Notch signaling (Oswald et al., 2002,
2005; Kuroda et al., 2003; Tsuji et al., 2007; Yabe et al., 2007).
This fits with the data in the fly eye (Doroquez et al., 2007) and
raises the possibility that loss of spen and nito results in
hyperactivation of Su(H), the fly ortholog of RBP-Jκ. This was
tested in Kc cells as described above for Yan. When Su(H)
Fig. 6. Spen and Nito promote Wg signaling independently of Yan and Su(H)
but may act in part through Gro. (A, B) Kc cells were depleted of Axin, spen,
nito (nitoRNAi-4) and yan as indicated for 6 days before CG6234 (A) and nkd
(B) transcripts were determined as described in Fig. 4. Inhibition of yan did not
rescue the lack of activation of the Wg targets in spen, nito-depleted cells. (C, D)
Confocal images of wing imaginal discs from animals containing P[ptc-Gal4]
and P[UAS-lacZ] (C) or P[UAS-yan] (D) stained for Sens. Discs expressing Yan
showed no noticeable reduction of Sens compared to wild-type cells (n=21).
The arrows indicate the area where ptc-Gal4 is active. (E–H) Kc cells depleted
of Axin, spen, nito and either Su(H) (E, F) or gro (G, H) and processed as
described for panels A and B. Inhibition of Su(H) did not rescue the Wg
signaling defect observed in spen, nito double knockdowns. The same is true for
CG6234 expression when gro is depleted (G). However, gro RNAi did rescue
the block in nkd activation by Wg signaling in spen, nito-depleted cells (H). All
data in the graphs are the means of triplicate samples with standard deviations
indicated by the lines. Similar results were observed in several separate
experiments.
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of Wg signaling was observed in spen, nito-depleted cells
(Figs. 6E, F). This suggests that Spen and Nito do not act on the
Wg pathway through Su(H).
One aspect of activation of Wg targets by Arm is dis-
placement of the corepressor Gro from TCF. To test whether
Gro plays a role in Spen–Nito function in Wg signaling, the
effect of gro depletion was examined in Kc cells. gro RNAicaused a 3- to 4-fold increase in nkd expression in the absence
of signaling (Fig. 6H; see also Fang et al., 2006) and a mild
increase in CG6234 expression in Axin-depleted cells (Fig.
6G). Inhibition of gro did not rescue the loss of Wg activation
of CG6234 in spen, nito-depleted cells (Fig. 6G) but did
reverse the defect for nkd activation by the pathway (Fig. 6H).
This suggests that Spen and Nito may influence Wg signaling in
part by antagonizing Gro-mediated repression of some Wg
targets (see below for further discussion).
Discussion
Nito functions redundantly with Spen in Wg signaling and
apoptosis
In Drosophila, Spen and Nito are the only two proteins
containing both RRMs and a SPOC domain. However, the
sequence similarity of these domains is low (Fig. 1A) and they
are unrelated outside of these motifs. Spen and Nito show
higher conservation to their respective orthologs in humans than
to each other (Fig. 1A), suggesting that they evolved functional
specificity after a duplication event (Jemc and Rebay, 2006).
Consistent with this, Spen and Nito have been shown to act
antagonistically in the developing fly eye. Overexpression of
nito disrupted eye development, and this phenotype was
enhanced by a reduction in spen gene activity. Conversely, a
small eye phenotype caused by overexpression of spenDN was
enhanced with nito overexpression and suppressed with nito
RNAi (Jemc and Rebay, 2006). As Spen has been shown to
regulate Notch and EGFR signaling pathways in the eye
(Doroquez et al., 2007), it may be that Spen and Nito have
opposing functions in these pathways.
In our study we provide strong evidence for functional
redundancy between spen and nito in the context of Wg
signaling. Our single and double RNAi analysis indicated that
both genes positively regulate the pathway in the fly eye (Figs.
2A–J), the wing imaginal disc (Fig. 3) and in Kc cells (Fig. 4
and Table 1). Expression of nito can rescue the spen RNAi
phenotype in the wing disc (Fig. 3I), strongly suggesting that
Nito and Spen perform a similar biochemical function in the Wg
pathway. There is a report concluding that loss of spen has no
role in Wg signaling in the developing wing (Mace and
Tugores, 2004). While the discrepancy may be due to the use of
different Wg signaling readouts, it is likely that redundancy
with nito can explain the negative results obtained with spen
mutant clones in that study.
In humans, there is evidence that the spen and nito homologs
possess both similar and distinct functional activities in the
Notch pathway. SHARP can repress Notch signaling through
interaction with RBP-Jκ, acting as a transcriptional corepressor
(Oswald et al., 2002, 2005). OTT1 can also bind to RBP-Jκ, but
this interaction can lead to either repression or activation of a
Notch/RBP-Jκ reporter gene, depending on the cell line used
(Ma et al., 2007). Taken together with our data and those of
Jemc and Rebay (2006), these data suggest that Spen and Nito
share some biochemical activities but also have distinct,
antagonistic properties, depending on the molecular context.
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that spen and nito are required for the activity of pro-apoptotic
factors Hid and Rpr in the fly eye (Figs. 2K–O; data not shown).
The fact that the suppression was greatest when both spen and
nito were inhibited suggests that they act redundantly, though
this requires further study and the molecular relationship
between Spen, Nito and apoptosis is not clear.
The mechanism of Spen–Nito action in Wg-mediated
transcriptional activation
Previous work from our laboratory (Lin et al., 2003) and this
study (Figs. 2F–J) demonstrate that spen and nito are required
for Arm* to activate Wg signaling, suggesting that they act
downstream of Arm stabilization. In Kc cells, spen, nito
depletion did not effect the formation of a TCF-Arm complex
on the nkd intronic WRE (Fig. 5), even though they are required
for activation of nkd expression by Wg signaling (Fig. 4; Table
1; Supplemental Fig. 2). Taken together, these data indicate that
Spen and Nito act downstream or in parallel of TCF and Arm to
promote transcriptional activation of Wg targets.
Our results are consistent with those recently reported for
SHARP in human cells (Feng et al., 2007). SHARP was
required for maximal activation of Wnt transcriptional targets
and reporter constructs, acting downstream of β-catenin stabi-
lization. SHARP could potentiate the ability of Lef1 to
activate transcription, independently of Lef1's ability to bind
to β-catenin (Feng et al., 2007). Whether there is a direct
biochemical interaction between SHARP and Lef1 is not
known.
Interestingly, SHARP expression was elevated in several
types of carcinomas with constitutively active Wnt/β-catenin
signaling, suggesting that it is part of a positive feedback loop
regulating the pathway (Feng et al., 2007). This circuit does not
appear to be present in flies, where spen and nito are
ubiquitously expressed (Fig. 1C; Wiellette et al., 1999; Lin et
al., 2003).
Consistent with a role in transcription, Spen and Nito contain
domains that could be involved in DNA binding. The murine
Spen counterpart Mint has been shown to bind to a G/T-rich
element in the FGF-responsive minimal enhancer of the OC
promoter via its RRMs (Newberry et al., 1999; Sierra et al.,
2004). While the recognition site is not well defined, it is
interesting to note that there are several G/T-rich regions near
some of the functional TCF sites in nkd intronic WRE. We are
exploring whether the RRMs of Nito or Spen can recognize
these sequences.
While Spen and Nito may play a direct positive role in the
activation of transcriptional targets by Wg signaling, it is also
possible that the functional requirement is indirect. The fact that
loss of spen elevates Notch signaling in the fly eye (Doroquez et
al., 2007) fits with the vertebrate data showing that SHARP,
Mint and OTT1 can associate with RBP-Jκ and inhibit its ability
to activate Notch target genes (Oswald et al., 2002, 2005;
Kuroda et al., 2003; Ma et al., 2007). However, RNAi inhibition
of the fly RBP-Jk homolog Su(H) did not restore activation of
Wg targets to spen, nito-depleted cells (Figs. 6E, F). Thissuggests that activation of Notch signaling is not the mechanism
by which Spen and Nito promote Wg signaling.
Upstream of Su(H), Notch signaling has been reported to
repress Wg signaling in flies and fly cell culture (Lawrence et
al., 2001; Hayward et al., 2005, 2006). However, this cross-talk
has been shown to occur at the level of Arm stabilization
(Hayward et al., 2005, 2006). Since Spen and Nito do not effect
Arm protein levels (Fig. 5A), this mechanism appears not be
involved in the promotion of Wg signaling by Spen and Nito.
Spen is also required to downregulate protein levels of the
Ets-domain transcriptional repressor Yan in the eye and wing
imaginal discs (Doroquez et al., 2007). Could an increase in Yan
levels explain the block in Wg signaling observed when spen
and nito are depleted? This does not appear to be the case, since
inhibition of yan does not reverse the spen, nito requirement for
Wg signaling in Kc cells (Figs. 6A, B). In addition, over-
expression of Yan in the wing imaginal disc did not affect the
expression of the Wg target Sens (Fig. 6D), which is highly
dependent on spen and nito (Fig. 3).
In contrast to Su(H) and yan, depletion of gro did reverse the
spen, nito defect in Wg activation of nkd (Fig. 6H). Gro is a
transcriptional corepressor that is thought to bind to TCF in the
absence of Wg signaling (Cavallo et al., 1998) and is known to
be important in silencing nkd expression (Fang et al., 2006). In
vitro, binding of β-catenin and TLE1 or TLE2 (vertebrate
homologs of Gro) to TCF is mutually exclusive (Daniels and
Weis, 2005). β-Catenin and TLE1 binding to WREs in cells is
also exclusive (Wang and Jones, 2006). This suggests a model
where Gro displacement by Arm is defective in spen, nito-
depleted cells, leading to reduced activation of nkd. However,
we have found that Arm recruitment to the nkd WRE is not
affected by spen, nito knockdown (Fig. 5C). In addition to this
discrepancy, Gro has no apparent role in Spen, Nito regulation
of CG6234 by the Wg pathway (Fig. 6G). This suggests that
Gro displacement is not the major mechanism by which Spen/
Nito function in Wg signaling.
Spen and Nito are target-specific regulators of Wg signaling
One interesting aspect of Spen–Nito regulation of Wg
signaling is that all targets of the pathway do not appear to
require these proteins for activation. In our original report,
Spen was required for Wg function in several imaginal discs,
but not in embryos (Lin et al., 2003). This could be explained
by redundancy with Nito, but ubiquitous knockdown of both
genes throughout the embryonic epidermis caused no detect-
able defect in Wg signaling (data not shown). In the wing
imaginal discs, spen and nito clearly are required for Sens
expression (Figs. 3, 4), but two other Wg targets, Distal-less
and fz3 are expressed normally under the RNAi conditions
used (data not shown). In Kc cells, several Wg targets required
spen and nito for activation, but hth did not (Table 1). These
results have to be interpreted cautiously, because residual spen
and/or nito activity may be sufficient for regulation of some
Wg targets. However, the data do support a model where Spen
and Nito regulate Wg-mediated transcriptional activation in a
gene-specific manner.
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embryonic lethality (Kuroda et al., 2003; Raffel et al., 2007).
It is interesting to note that a conditional deletion of OTT1 in the
hematopoietic compartment caused a defect in pro/pre-B cell
differentiation (Raffel et al., 2007). Loss of Lef1 results in poor
survival/growth of pro-B cells (Reya et al., 2000). While the
phenotypes are not identical, this could be due to redundancy
between Lef1 and other TCFs or between Mint and OTT1. The
existence of floxed alleles ofMint and OTT1 (Yabe et al., 2007;
Raffel et al., 2007) should allow the relationship between these
factors and the Wnt/β-catenin pathway to be more fully
explored in the mouse.
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